Introduction
Many promoters in Escherichia coli are regulated by transcriptional activators whose binding sites partially overlap or are located very near the −35 regions of the promoters (Collado-Vides et al., 1991) . The close proximity of the activators and the polymerase suggests the presence of specific interactions between the two, and indeed, physical data suggest a direct physical contact between the cyclic AMP receptor protein (CRP) and the alpha subunit of RNA polymerase when bound at the lac promoter (Chen et al., 1994) . Furthermore, genetic data from a number of systems suggest a functional interaction between the relevant activators and the alpha or sigma subunits of RNA polymerase (Li et al., 1994; Ishihama, 1993; Ebright, 1993) . Interactions between activators and RNA polymerase are also revealed in the kinetics of formation of transcriptionally competent open complexes. In several systems activators have been shown to affect the binding of RNA polymerase to the promoter (Malan et al., 1984) , or the isomerization rate (Hawley & McClure, 1982) , or both (Lavigne et al., 1992; Goodrich & McClure, 1992; Shih & Gussin, 1983) .
Any of the steps in the formation of an open complex that are either slow or energetically disfavored on a particular promoter are candidates for activation by a regulatory protein. While a number of intermediate states in the formation of open complexes at various promoters have been discerned, at present we have only a rudimentary understanding of their relationships to activators, which states may lie on the main reaction pathway, and which may be non-obligatory intermediates whose detection requires abnormal conditions. In addition to the closed and open states, a second closed complex can be detected at low temperatures by footprinting (Roe et al., 1985; Kovacic, 1987; Schickor et al., 1990; Duval-Valentin & Ehrlich, 1986) . Possibly this is the same as a kinetic intermediate that has been detected in the lac UV5 promoter (Buc & McClure, 1985) and the p groE promoter (Mecsas et al., 1991) . Also, two open complexes have been observed in l p R , one of which is Mg 2+ -dependent (Suh et al., 1993) . AraC protein, the regulator of the L-arabinose operon in Escherichia coli, binds to a direct repeat sequence as a dimer to activate transcription of the araBAD promoter p BAD (see Figure 1 ; Carra & Schleif, 1993; Greenblatt & Schleif, 1971; Lee et al., 1987) . As the protein must bind to a site partially overlapping the promoter −35 region and be oriented in the right Figure 1 . A, Structure of the 400 base-pair regulatory region of the wild-type L-arabinose operon showing the binding half-sites for AraC, O2, I1 , I2 and the two half-sites at O1 , the CRP binding site, and the two binding sites for RNA polymerase. B, Sequences of the DNA fragments used in this work. The P3 promoter is as indicated. I1 and I2 are interchanged with respect to the wild-type promoter sequence. The 4 symbol shows the nucleotide changes which were used to inactivate two extraneous weak promoters, producing the P1 promoter sequence. The v symbol shows the additional changes which inactivated the ara promoter, leaving the sequence denoted as P0. direction, the protein and polymerase probably make specific interactions (Reeder & Schleif, 1993) . Virtually all that is known about its activation mechanism is that binding of the DNA-binding domain of AraC to the half-site that partially overlaps the p BAD promoter −35 region is necessary and sufficient to activate transcription (Reeder & Schleif, 1993, S. Bustos & R. Schleif, unpublished results) . It is likely that the AraC protein's activation mechanism is shared by the many members of the large AraC protein family (Tobin & Schleif, 1987; Gallegos et al., 1993 ; Genbank at the National Library of Medicine), and probably also by many other regulatory proteins that bind near the −35 regions of other promoters.
A number of methods have been developed for both the detection of steps in the initiation of transcription and for the examination of the roles of transcriptional activators. The most important of these techniques include the measurement of the kinetics of RNA synthesis in single-round RNA synthesis (Rosenberg et al., 1982) , the kinetics of abortive initiation (McClure, 1980) , DNAseI and exonuclease III footprinting (Straney et al., 1989) , the assay of melted or distorted promoter DNA by permanganate sensitivity and copper phenanthroline sensitivity (Sasse-Dwight & Gralla, 1989; Sigman et al., 1979) , filter binding by open complexes (Roe et al., 1985) , and DNA migration retardation by open complexes (Wellington & Spiegelman, 1993; Straney et al., 1989; Popham et al., 1989; Lorimer & Revzin, 1986; Goodrich & McClure, 1992) .
In 
Results

Footprinting at the p BAD promoter
The wild-type ara p BAD promoter is stimulated 100 to 300-fold by the AraC protein in the presence of arabinose and about 20-fold by cAMP-CRP. Rather than face, in these initial studies, the complexities of large factors of activation by both CRP and AraC protein, we used a promoter related to the wildtype which is less dependent upon CRP, but whose fully stimulated activity is about the same as the fully stimulated wild-type p BAD promoter. This is the P3 promoter (Reeder & Schleif, 1993) in which the I 1 and I 2 half-sites have been interchanged and the polymerase-proximal half-site overlaps the polymerase −35 region by two bases instead of the usual four. This promoter is activated more than 100-fold in vivo by AraC, but only threefold by CRP. Therefore, a sufficient signal exists for convenient study even in the absence of CRP. In preliminary studies with a DNA fragment containing P3, we found that in the absence of AraC protein, two additional promoters could be detected on the DNA. When their presence interfered, we used a modified fragment of DNA containing only the AraC-responsive promoter, which we call P1, (Figure 1 ; see the Experimental Procedures section). The p BAD promoter remaining on this fragment was inactivated for some experiments by additional nucleotide changes in its −10 region, yielding the P0 promoter ( Figure 1 ).
We first examined AraC protein and RNA polymerase binding under conditions unlikely to permit open-complex formation. At 4°C and in buffer that gave only a weak footprint of AraC, the inclusion of RNA polymerase increased the DNAseI protection and hypersensitivity afforded by AraC of the I 2 and I 1 half-sites (Figure 2 ). Similar observations have been obtained for other activators and RNA polymerase (Ho et al., 1983; Hwang & Gussin, 1988; Straney et al., 1989) . The footprint under the RNA polymerase extended from the −35 region to about +1. The final lane in the left panel of Figure 2 shows that the polymerase footprint is sensitive to the addition of heparin while the AraC footprint is more resistant. These results show that an intermediate similar to other closed complexes (Mecsas et al., 1991) forms at the ara p BAD P1 promoter at low temperatures and that AraC protein and RNA polymerase show cooperativity in binding to the promoter.
We also demonstrated attractive interactions between AraC protein and RNA polymerase at 37°C using DNA on which open complexes cannot form. For this we used a DNA fragment containing the −10 region-inactivated promoter, P0. In addition to some protection by end-bound polymerase (Melancon et al., 1983) shown near the top of the gel, . AraC was present for ten minutes before the addition of RNAP to the samples for ten minutes. Heparin was added to the indicated reactions for an additional one minute and all samples were digested with 20 ng/ml nuclease for 40 seconds. Right panel, 37°C with P0 DNA (0.67 nM DNA, 16 nM AraC and 20 nM RNAP). AraC was added for ten minutes, after which RNAP was added for ten minutes. Heparin was added to the indicated reactions for an additional one minute before DNAseI digestion. The bars and arrows indicate the −10, −35, I1 and I2 regions.
RNA polymerase alone gave only very weak protection of a few nucleotides in the −40 and −10 regions of the promoter (Figure 2 ). With AraC protein bound to I 2 -I 1 , however, RNA polymerase did yield a footprint. This footprint was similar to the closed complex discussed above in that it also extended only to about +1 and was sensitive to heparin ( Figure 2 ). In these experiments also, AraC and RNA polymerase show cooperative binding.
We then examined the DNAseI footprints under conditions likely to favor open complex formation and determined open-complex stability. DNA containing P3 was incubated with a 27-fold excess of AraC protein, after which an excess of RNA A B C polymerase was added followed by excess DNA to bind any free AraC. Samples were taken at intervals for footprinting ( Figure 3A ). The first two lanes of the two groups of lanes show that AraC protein alone protects the I 2 -I 1 region, and that the addition of RNA polymerase extends the protected region to beyond the end of the region shown. (Data not presented show that the limit of protection is about +21). This is similar to the position of the downstream boundary found in open complexes at other promoters (Metzger et al., 1989; Spassky, 1986) . The data show that AraC protein dissociates from the DNA with a half-time exceeding 200 minutes if RNA polymerase has been added, but dissociates in less than two minutes in the absence of RNA polymerase. At the same time that samples were taken from the incubation mix for DNAseI digestion, samples were also taken for direct electrophoretic assay of open complexes as described below. These showed that greater than 95% of the DNA was in open complexes at the time of digestion.
Exonuclease III is useful for locating the boundaries of protein binding sites as the progress of the nuclease frequently is stopped by the bound protein (Shalloway et al., 1980; Straney et al., 1989) . Figure 3B shows, when digesting from the upstream end of the DNA, that AraC protein alone on DNA blocked about half of the exonuclease III at the upstream edge of I 2 . Most of the rest was stopped by the other subunit of AraC at the upstream edge of the more strongly binding I 1 half-site. By 50 minutes after the addition of RNA polymerase, AraC protein had become considerably more effective in blocking the nuclease and virtually all the nuclease was now blocked at the upstream edge of I 2 . In digesting from downstream, most of the nuclease stopped at the downstream edge of I 1 in the absence of polymerase, and by 50 minutes after polymerase addition, most of the nuclease was stopped at the edge of the polymerase, at about +20. As above, samples were taken at the The same amounts of components as for A were used. The DNA was incubated with AraC for ten minutes, then RNAP was added for two or 50 minutes followed by digestion with 160 units of exonuclease III for five minutes at 37°C. C, Permanganate footprinting promoter complexes. Left panel, 4°C incubations. Right panel, 37°C incubations. The same amounts of components as for A were used. RNAP was added ten minutes after the AraC and samples were treated at the times indicated.
times of digestion for the electrophoretic assay; greater than 95% of the DNA was in open complexes.
From the overlapping of the AraC binding site and the promoter, it seems likely that the polymerase contacts the polymerase-proximal subunit of AraC. Indeed, lanes 2 and 8 of Figure 3A show that the DNAseI sensitivity of the bottom strand phosphodiester bond before position G(−39) of I 1 is increased by the binding of AraC, but that this sensitivity is decreased by the addition of RNA polymerase. Less expected is the evidence that the presence of RNA polymerase changes the way the distal subunit of AraC contacts DNA. Both of the footprinting experiments described above indicate this, and suggest that polymerase contacts, or at least influences, the distal subunit of AraC as well as the proximal one. First, while DNAseI cleavage at C(−67) occurs in the presence of AraC protein alone, such cleavage is almost entirely eliminated by the addition of RNA polymerase, compare lanes 8 and 2 as indicated on Figure 3A . The exonuclease experiments also suggest the presence of such a polymerase-AraC interaction. In the absence of polymerase, much of the nuclease digests past the distal boundary of I 2 , and is stopped only at the upstream boundary of I 1 . In the presence of polymerase, however, most of the nuclease is stopped earlier, at I 2 .
When an open complex is formed, the −10 region of the promoter is melted, and unpaired T residues are created which can react with KMnO 4 (Sasse-Dwight & Gralla, 1989) . By applying the permanganate assay to ara P3 DNA in the presence of AraC protein and RNA polymerase, we detected hyper-reactive T residues at positions −2, −7 and −12 of the lower strand ( Figure 3C ), and positions −4, −8 and −11 of the upper strand (data not shown). These were observed after incubation at 37°C, but not after incubation at 4°C. Only the sample incubated at 37°C contained the slower-migrating complexes upon electrophoresis. The reactive T residues almost surely result from the single-stranded nature of the DNA in the initiation-transcription bubble (Sasse-Dwight & Gralla, 1989) . This single-stranded region is in the same location and of the same length as has been previously reported for a number of promoters including l p R (Suh et al., 1993) .
DNA retardation assay of open-complex formation
The development of phosphorimaging technology for radioactive quantitation of gels makes the DNA migration retardation assay particularly attractive for use in studies of open-complex formation in complex systems. Activator proteins, DNA and polymerase are first incubated in solution to permit formation of closed and open complexes, heparin is added for one minute and the sample is subjected to electrophoretic separation, during which open complexes separate from free DNA and other protein-DNA complexes. On most promoters heparin addition stops further DNA binding by RNA polymerase, inactivates and releases polymerase molecules that are in closed complexes or bound to the ends of DNA molecules (Cech & McClure, 1980, note Figure 2 lanes 3 versus 4, and 9 versus 10), but does not cause the rapid dissociation of open complexes. Therefore, whatever open complexes exist in solution at the time of heparin addition may remain as DNA-RNA polymerase complexes. These can be quantitatively separated from free DNA and activator protein-DNA complexes.
Although the migration retardation assay has been used previously to detect the presence of RNA polymerase-promoter open complexes (Wellington & Spiegelman, 1993; Straney et al., 1989; Popham et al., 1989; Lorimer & Revzin, 1986; Goodrich & McClure, 1992) , the assay has not received wide use for the measurement of kinetic parameters or in the study of systems requiring auxiliary activator proteins. Therefore, we compared results from the retardation assay with those obtained from footprinting experiments as mentioned above. If, and only if, the footprinting experiments indicated the presence of open complexes, did we observe a retarded protein-DNA complex in the gels. Since over 95% of the input DNA could be detected in the retarded band from some reactions, we conclude that the complexes are stable during electrophoresis. To examine the reproducibility of the assay, we measured the kinetics of open-complex formation. After RNA polymerase is added to a solution of AraC and P3 DNA, the amount of the low-mobility complex increases with increasing incubation until it contains nearly all the DNA (Figure 4) . As the points show very little scatter, and in the light of the virtues mentioned above, the assay appears to be ideally suited to measurements involving opencomplex formation.
We therefore identify the retarded complex on the gels as an RNA polymerase-promoter open complex because it possesses the following properties; (1) passage through a heparin-and temperature-sensitive intermediate with a DNAseI footprint characteristic of a closed complex; (2) DNAseI and exonuclease III footprints characteristic of open complexes; (3) single-stranded T residues in the locations appropriate to an open complex; (4) very slow dissociation in the presence of heparin or poly-(dA-dT) (Malan et al., 1984) ; (5) competence for transcription; and (6) the close correspondence of K d and k 2 on the gal P1 promoter as measured previously by the abortive initiation assay (Lavigne et al., 1992 ) and as we measured using the DNA migration retardation assay. Data in support of points (4) and (5) are not shown, and those for point (6) will be shown below.
Kinetics of AraC-stimulated open-complex formation
The formation of open complexes is often well approximated by a two-step process of binding followed by isomerization (McClure, 1980) . Denoting R as free RNA polymerase, P as promoter, RP c as closed complex, and RP o as open complex, the reaction is:
Normally, the rate constants of the reaction are such that the overall reaction is pseudo first order, and the appearance of open complex obeys the relationship:
k obs is related to the various rate constants as follows:
We found that the kinetics of appearance of the retarded band in the gel assay as measured by using radioactively labeled P3 DNA fit the above equations well. The appearance of open complex was first order on the ara P3 promoter (Figure 5) , and twofold changes in DNA concentration had no effect on the kinetics.
On most promoters we are aware of, k −1 k 2 ; later we will show that this is true for the ara P3 promoter, thus permitting the equation defining 1/k obs to be written conveniently as:
where K d is the dissociation constant of RNA polymerase from the closed complex at the promoter. This formulation permits the straightforward extraction of k 2 and K d from measurements of the kinetics of open-complex formation made at various polymerase concentrations. To ensure that k −1 is much greater than k 2 on ara P3 complexed with AraC, we performed an experiment similar to one done by Hawley & McClure (1980) on the l p R promoter. We bound AraC to DNA first, then, at 4°C, added RNA polymerase to obtain closed complexes. Upon adding buffer, both pre-warmed so that the final mixture was at 37°C and containing an excess of calf thymus DNA to bind free polymerase, we found that virtually all the closed complexes dissociated rather than form open complexes. When the calf thymus DNA was omitted from the pre-warmed buffer, virtually all the closed complexes formed open complexes, indicating that the mixing protocol did not inactivate AraC or RNA polymerase (RNAP).
We also measured the dissociation rate of the open complexes using the migration retardation assay. In the presence of heparin or poly(dA-dT), the half-life of the AraC-RNA polymerase open complex or the open complex that could be formed in the absence of AraC was 200 minutes (data not shown). The same value was found by quantitating the DNAseI footprints in Figure 3A .
From data like those shown in Figure 5 , we a correspondence in the results from the two assays as the normal uncertainty in results from the abortive assay (Fong et al., 1993; Hawley & McClure, 1982; Shih & Gussin, 1983) . This correspondence shows that the DNA migration retardation assay is well suited for the determination of open-complex formation kinetics.
Open-complex formation by RNA polymerase alone
In the previous sections we showed by several methods that polymerase and AraC interact and that AraC affects the K d of RNA polymerase binding. Here we obtain a rough estimation of the rate of isomerization at the ara promoter P1 in the absence of AraC. By comparison to the isomerization rate in the presence of AraC, we find that the protein also stimulates isomerization. Incubation of a DNA fragment containing only the ara promoter, P1 DNA, with an excess of RNA polymerase gave a very slow and multiphase increase in the amount of DNA in the retarded complex (Figure 7 ). This complex is as stable as the open complex formed in the presence of AraC. Permanganate treatment of the DNA showed a sample taken at 80 minutes to contain hyper-reactive T residues at positions −12, (Table 1) . The K d value of 0.3 nM at ara P3 is low compared to other promoters (Table 1 ). The forward rate of closed-complex formation, k 1 , has been found to be approximately the same for all studied promoters and is limited only by diffusion (Record et al., 1991) . If this is also true at P3, then k −1 at P3 is lower than normal, indicating that AraC helps hold polymerase at the promoter, an inference consistent with the footprinting data reported above. Table 1 also shows the values for K d and k 2 obtained previously using the abortive initiation assay (Lavigne et al., 1992) . There is about as close −7 and −2 as seen in Figure 3C . We thus identify the small amount of retarded complex as open complex at the ara promoter.
The multiple phase form to the kinetics of open-complex formation means that after binding to the promoter, at least two states of RNA polymerase-promoter complex exist, one which can form an open complex within ten minutes and one that is much slower in forming an open complex. The rate of formation of open complex by the faster form of RNA polymerase can be found by determining the limiting rate at high polymerase concentration. From such experiments we find an apparent value for k 2 of approximately 0.2 minute −1 . The complexities introduced by the two polymerase states make a determination of an apparent K d for polymerase dissociation even more questionable. For example, one mechanism consistent with the data is the following. During the second phase of the curve it is possible that the rate of conversion of bound polymerase to open complex is nearly zero. A polymerase molecule bound to the DNA in a non-open complex may need to dissociate, then it or another polymerase must bind again, and only a fraction of the polymerases which bind anew, perhaps about 30% in each dissociation cycle, may be capable of forming open complexes.
Discussion
In the work presented here we have studied the formation of closed and open complexes of AraC and RNA polymerase at a derivative of the ara p BAD promoter. The wild-type promoter requires AraC and CRP for its full activation, but to simplify the studies, we used a derivative that permitted AraC protein alone to activate to levels sufficient for convenient study. Various footprinting approaches were used, both to study the binding of AraC and RNA polymerase to DNA, and to verify the reliability of the DNA migration retardation assay for the quantitation of open complexes of RNA polymerase on DNA. Two basic conclusions result from these studies; first, AraC protein bound to DNA aids the binding of RNA polymerase, that is, RNA polymerase binds tightly to AraC-DNA, and second, that AraC protein speeds the rate of isomerization of RNA polymerase from the closed complex to the open complex.
The DNA migration retardation assay proved to be particularly convenient for the quantitation of open-complex formation at p BAD . Phosphorimaging technology has simplified quantitation of radioactivity in a band on a gel. Thus, with the use of a radiolabeled DNA fragment containing the promoter, the amount of open complex is directly given by the amount of a protein-retarded DNA band on a gel after electrophoresis. The retardation assay is well suited to the study of promoters that require activator proteins, a situation that cannot be studied with the filter-binding assay.
To verify that the retardation assay provides reliable values, we determined the dissociation constant of RNA polymerase, K d and the isomerization rate, k 2 on the gal P1 promoter. As the abortive initiation assay has been used previously to determine the same parameters (Lavigne et al., 1992) , we used the same conditions, and found very nearly the same values for both K d and k 2 as were found previously.
The footprinting and kinetic experiments on the ara promoter both showed that the presence of AraC protein bound to the DNA aided the binding of RNA polymerase. This finding implies that significant stimulation of the p BAD promoter occurs through the assistance that the AraC protein provides for RNA polymerase binding. The apparent K d for polymerase binding in the presence of AraC (0.3 nM), is amongst the tightest we know. We also conclude that AraC stimulates the isomerization step of open complex formation. The maximum rate of open-complex formation was much faster in the presence of AraC than in its absence. It is tempting to use the variation in the rate of open-complex formation in the absence of AraC to estimate an apparent K d of polymerase binding in the absence of AraC. Due to the complexity of the kinetics of open-complex formation in the absence of AraC and the absence of a demonstration on p BAD that the kinetic conditions necessary for such a t plot analysis are met, such an analysis should not be attempted.
The DNAseI footprint under the polymeraseproximal subunit of AraC was altered by the presence of RNA polymerase, thus indicating an interaction between the two. Less expected was evidence from both DNAseI and exonuclease III footprinting that RNA polymerase also changed the interaction of the polymerase-distal subunit of AraC. It is possible that strain is transmitted from one subunit of AraC to the other, but in the light of the loose connection between the DNA-binding domains of AraC (Carra & Schleif, 1993) , it seems more likely that RNA polymerase also contacts the distal subunit of AraC, perhaps in the same way that the polymerase-distal subunit of CRP is contacted at the gal P1 promoter (Zhou et al., 1994 
Experimental Procedures
Preparation of RNA polymerase, AraC protein and CRP AraC protein was purified to homogeneity by Jeff Withey (Schleif & Favreau, 1982) , and RNA polymerase holoenzyme as well as CRP was purified by Steve Hahn (Hahn et al., 1986) . The concentration of active RNA polymerase was determined by incubating RNA polymerase with an excess of the gal P1 DNA fragment from p19T/121 (Bingham et al., 1986) . As shown in the Results section, under these conditions all active RNA polymerase will enter open complexes, so the concentration of active RNA polymerase is equal to that of open complex. This was quantitated from measurement of the total DNA and the fraction of DNA in open complexes.
Because the duration of some incubations was measured in hours, we examined the thermal stability of polymerase by incubating one part of the polymerase solution at 37°C for four hours while keeping the rest at 4°C. After these incubations the speed and extent of open-complex formation by the two polymerase samples were measured on the ara promoter P3 (see below) at 37°C. Both polymerase samples behaved identically. We therefore conclude that loss of polymerase activity in our experiments is not a serious concern.
DNA migration retardation assay
The standard buffer used for the study of pBAD contains 50 mM KCl, 25 mM Na-Hepes (pH 7.4), 2.5 mM MgCl2, 2.5 mM dithioerythritol, 100 mM cAMP, 100 mg/ml bovine serum albumin, 0.1 mM K-EDTA, 5% (v/v) glycerol, 1% (w/v) arabinose, and 0.05% (v/v) NP40. The buffer used with the gal P1 promoter was the same as that described previously for the abortive initiation assay, 40 mM Tris-HCl (pH 8.0), 80 mM KCl, 10 mM MgCl2, 1 mM dithioerythritol, 100 mM cAMP, and 100 mg/ml bovine serum albumin (McClure et al., 1978) . DNA migration retardation assays were carried out in 20 ml of buffer containing 0.03 to 1 nM of the DNA fragment. AraC protein and RNA polymerase were diluted by slowly adding binding buffer to the protein stock solution. The final AraC protein concentration was from 8 nM to 40 nM. The final concentration of RNA polymerase ranged from 0.1 nM to 20 nM.
We found that RNA polymerase-DNA complexes would not migrate out of the wells during electrophoresis unless heparin was added to the reaction. Therefore, before each reaction was loaded on the gel, 1 ml of heparin was added for one minute; the final concentration of heparin was 100 mg/ml. To reduce the possibility of destabilizing complexes, no dyes were added to the samples (Wellington & Spiegelman, 1993) . Electrophoresis was at 5 V/cm for two hours through 6% (w/v) acrylamide, 0.1% (w/v) bis-acrylamide gels equilibrated with 10 mM Tris-acetate (pH 7.4), 1 mM K-EDTA, in a horizontal apparatus through which buffer at 20°C was circulating, thereby maintaining the gel at 20°C (Hendrickson & Schleif, 1984) . The 15 cm × 15 cm gels were dried and the radioactivity of bands quantitated with a phosphorimager (Molecular Dynamics 
Footprinting
In DNAseI footprinting (Galas & Schmitz, 1978) , 1 ml of 201 mM CaCl2 and 1 ml of 2 mg/ml DNAseI were mixed with 200 ml reaction solution for 20 seconds at 37°C, then 200 ml quench solution was added. The quench solution contained 0.9 M NH4OAc, 50 mM Na-EDTA, 5 mg/ml calf thymus DNA and 0.2 mg/ml heparin. The quenched solution was precipitated with ethanol twice, lyophilized, and resuspended in 10 ml of a 1:1 (v/v) mix of TE buffer and stop solution (95%) formamide, 25 mM EDTA, 0.05% (w/v) bromophenol blue and 0.05% (w/v) xylene cyanol FF. The loading volume was adjusted so that each sample contained approximately the same amount of radioactivity. The samples were heat denatured and subjected to electrophoresis in a 6% or 8% sequencing gel with sequencing standards. The gels were autoradiographed at −70°C with intensifier screens and/or quantitated in the phosphorimager. DNAseI footprinting at 4°C was the same as described above, except that 2 ml of DNAseI stock solution was mixed with 200 ml reaction solution for 40 seconds.
In exonuclease III footprinting (Shalloway et al., 1980) , 50 ml reactions (3 ng DNA) were incubated with 10 ml of exonuclease III solution (160 units in each reaction) for five minutes at 37°C. The reaction was quenched with 60 ml of DNAseI footprinting quench solution. Subsequent procedures were the same as for DNAseI footprinting.
For KMnO4 footprinting (Sasse-Dwight & Gralla, 1989), a 200 ml volume standard reaction was incubated with 20 ml of fresh KMnO4 solution (final concentration 2 mM) for 20 seconds, then mixed with 200 ml of quench solution (0.5 M b-mercaptoethanol, 0.6 M NaOAc, 5 mg/ml calf thymus DNA in 0.5 × TE). The reaction was precipitated with ethanol, dried and resuspended in 90 ml water. A 10 ml volume of piperidine was added to the sample, and it was incubated at 90°C for 30 minutes. The solution was precipitated twice with n-butanol, washed with ethanol and dried. The pellet was resuspended in 20 ml. The electrophoresis and autoradiography were identical to the procedures described for DNAseI footprinting.
Promoters and purification of DNA fragments
The pBAD promoters are based on P3-I2-I1 (Figure 1 ; Reeder & Schleif, 1993) . The gal P1 promoter (p19T/121) was a generous gift from S. Busby (Bingham et al., 1986) . It contains a G:T transversion at −19, which inactivates the P2 promoter.
The DNA fragments used for all experiments were amplified by the polymerase chain reaction (PCR) from plasmid DNA templates, and labeled with T4 polynucleotide kinase at the bottom strand, if not indicated otherwise. They were purified on 6% acrylamide gels and electroeluted. DNA stocks were kept at −20°C in TE buffer (10 mM Tris-HCl (pH 8.0), 1 mM EDTA) with 50 mM KCl.
The AraC competitor was made from two complementary oligonucleotides of 80 bases (Carra & Schleif, 1993) . It contains four consecutive I1 half-sites and thus provides a high concentration of tight-binding sites for the removal of free AraC protein from reactions.
